The crystal structures of a series of low-melting N-alkyl-2-methyl-3-benzylimidazolium iodide salts with a range of alkyl chain lengths, from n ¼ 1 to 5 and including both n-and s-butyl chains, are reported for the first time. Thermal analysis shows that the methyl-and (s-)butyl substituted salts have significantly higher melting points than the rest of the series. Analysis of the crystal structures allows examination of the influence of the substituents on the different cation-anion and cation-cation interactions and thus the physical properties of the salts.
Introduction
The 1,3-dialkylimidazolium cation are widely employed in ionic liquid (IL) synthesis. These cations were first used in electrochemical studies as the dialkylimidazolium chloroaluminate ionic liquids which exhibited wider liquid and electrochemical ranges than those of the previously used alkylpyridinium based salts.
1 Furthermore, the imidazolium ILs display favourable physical properties such as high conductivities, solvation ability and wide range of Lewis acidity which, in addition to electrochemical applications, 2 allow for their utilisation in a variety of contexts such as cellulose dissolution, 3 metal-free catalysts, 4 lubricants 5 and for CO 2 separations, 6 to name just a few. In order to achieve novel applicative outcomes much research has been focused on designing novel ILs. 7, 8 Their rational design however, requires a full understanding of the physicochemical properties of current ILs, and how these relate to intermolecular interactions. Several articles have been published detailing the structural analysis of imidazolium based ILs directed at assisting the understanding of the origin of their physical properties.
9-11
Variations in the length and/or degree of branching of the alkyl chain substituent, the addition of functional groups, and substitution at the C(2) position of the imidazolium ring may all influence their thermal behaviour. [12] [13] [14] In this work the crystal structures of a series of novel low-melting N-alkyl-2-methyl-3-benzylimidazolium iodide salts have been studied in order to assist a comparative understanding of the effects of the previously mentioned substituents within known ionic liquids. These analyses are beneficial since the 'anti crystal engineering' approach may be used: prior knowledge of intermolecular interactions and ionic dispositions found in 'traditional' ionic liquid compounds, combined with knowledge of those interactions which result in crystalline materials (as with the present array) can guide the avoidance of crystallization. Appropriate starting materials can then be selected which may result in ionic liquid formation. 15 Herein we report the crystal structures for: 1,2-dimethyl-3-benzylimidazolium iodide (1), 1-ethyl-2-methyl-3-benzylimidazolium iodide (2), 1-propyl-2-methyl-3-benzylimidazolium iodide (3), 1-(n-)butyl-2-methyl-3-benzylimidazolium iodide (4), 1-pentyl-2-methyl-3-benzylimidazolium iodide (5) and 1-(s-)butyl-2-methyl-3-benzylimidazolium iodide (6) .
Results and discussion

Thermal analysis
The melting points for the series of N-alkyl-2-methyl-3-benzylimidazolium iodide salts are listed in Table 1 . The three different substituents on the imidazolium group-the methyl, the benzyl and the various alkyl chains-are all expected to influence the melting point. It has previously been experimentally observed for a series of imidazolium salts with various counter-ions that Table 1 Melting points of the N-alkyl-2-methyl-3-benzylimidazolium iodide salts
a DSC measurements carried out from À55 to 200 C at a scan rate of 10 C min À1 . Onset temperatures are reported in all cases.
substitution at the C(2) position increases the melting point.
14 Although no direct comparison is possible, N-alkyl-2-methyl-3-benzylimidazolium iodide salts display higher melting points than those of N-methyl-3-alkylimidazolium iodide salts with analogous alkyl chain lengths. 16 The presence of the benzyl substituent was predicted to increase the melting point as a result of p-p interactions.
A well-known trend in typical 1-alkyl-3-methylimidazolium salts is the reduction of melting point with increasing alkyl chain length, up to n ¼ 8. With n > 8 the compounds exhibit an increase in melting point, which is thought to be consequent on interchain hydrophobic packing with concomitant formation of bilayer-type structures.
12 Within the present benzyl-substituted series the reduction in melting point with increasing alkyl chain length is observed up to n-butyl, but with no further drop on progressing to the pentyl-substituted species. In addition, the 1-(s-)butyl-2-methyl-3-benzylimidazolium iodide salt displays a comparatively high melting point of 135 C compared to that of 61 C for 1-(n-) butyl-2-methyl-3-benzylimidazolium iodide. This is consistent with other reports in the literature which show that, with increased branching of the alkyl group, a comparative increase in melting point occurs, which is believed to be result from restricted rotational freedom.
Structural analysis
The general numbering scheme used for the N-alkyl-2-methyl-3-benzylimidazolium iodide salts for all analyses is outlined in Fig. 1 below. For ease of reference the salts will be referred to as 'alkyl-' from henceforth. More detailed crystallographic descriptions of the various salts are recorded in the ESI.
The methyl-, (n-)butyl-and pentyl-salts crystallise in orthorhombic lattices with eight, four and sixteen pairs of ions occupying the unit cell. The ethyl-and (s-)butyl-salts crystallise in monoclinic lattices, with eight and four pairs of ions within their unit cells. Lastly, propyl-crystallises in a triclinic lattice with two pairs of ions. All have one discrete ion pair, devoid of crystallographic symmetry, as the asymmetric unit of the structure, except ethyl-and pentyl-where there are two. The imidazolium rings of the cations for ethyl-were modelled as disordered over pairs of sites, occupancies 0.5 for cation 2, and 0.797(5) and complement for cation 1; for the pentyl-cation (2) two sites were identified for the g-and d-methylene groups. The crystal data for the structures are outlined in Table 2 below. One discrete ion pair for each new structure is shown as a thermal ellipsoid plot, along with the atom labelling scheme, in the ESI. As expected, the relative molar volume (V/Z) for the various salts increases as the length of the alkyl chain increases.
The dimensions of the C 3 N 2 imidazolium ring skeletons (Table 3) do not vary non-trivially from each other or from those already reported. 10 The rings are planar with N(1)-C(2) and N(3)-C(2) being shorter than N(1)-C(5) and N(3)-C(4), indicative of charge delocalisation, at least over the N-C-N part of the ring ( Table 3 ). The b-carbon atoms of the alkyl substituents for all of the iodide salts lie out of the planes of the imidazolium rings, as do the benzyl methylene groups, the planes of the phenyl rings lying quasi-parallel to C(2)-C(21) in all cases except that of molecule 1 of ethyl-where it is quasi-parallel to the N/N line (Table 3 ; torsion angles). In all cases, except molecule 2 of ethyl-and both molecules of pentyl-, the b-carbon atoms of the chains lie to the same side of the imidazolium planes as the benzyl groups. The alkyl chains for propyl-and cation (1) of pentyl-adopt the energetically preferred trans-oid configuration. In (n-)butyl-and cation (2) of pentyl-a cis-oid conformation is adopted, whilst (s-)butyl adopts the energetically favoured tetrahedral arrangement. The extended structures of methyl-, propyl-and (n-)butyl-show distinct layers of alternating anions and cations. By contrast, ethyl-, pentyl-and (s-)butyl-display clusters of anions and cations within zigzag-, brickwork-, and layered-type-arrangements (Fig. 2) .
Although the precisions of the determinations of ethyl-and pentyl-are somewhat degraded by disorder, those of methyl-, n-, and s-butyl-are uncomplicated and nicely precise (Table 3) , derivative of extensive data at 100 K, offering the possibility of comparing substituent effects between the three substituent types. The imidazole ring is 'symmetrically' substituted at the two nitrogen atoms by 'alkyl' substituents. Among the three complexes, without libration correction, the agreement between counterpart distances within the ring and to the immediate substituent carbon atoms is 0.00 7 Å or better, N(3)-C(31), the distance to the variable substituent excepted, where the range is 0.01 3 Å . Similarly, within the imidazole ring, agreement within the angles is excellent (better than 0. 4 ) between 'symmetrically equivalent' counterparts. Around the ring periphery, however, considerable divergences are found; these may be understood to a considerable extent by consideration of intramolecular H/H contacts between the immediate CH n substituent components rather than invoking 'lattice forces'. Thus, at N(1), C(1)-N(1)-C(2) is generally larger than C(1)-N(1)-C(5) in cognisance of the close contact between one of the CH 2 and one of the CH 3 hydrogen atoms, the location of the former being essentially constant by virtue of the reasonably constant out-of-plane C(2)-N(1)-C(1)-C(11) torsion angle (modulus); the dispositions of the CH 3 hydrogen atoms are more diverse, in consequence of interactions further afield. Similar observations and arguments obtain concerning the exocyclic angular differences about N(3), although they are less emphatic than those about N(1). It might be expected that the exocyclic angles at C(2) might be similar in view of the similar H/H interactions to either side, and this is generally true for the (n-)alkyl-derivatives. Unsurprisingly, however, the difference for (s-)butyl-is considerable, consequent on the more-or-less obligate in-plane disposition of the single C-H hydrogen atom. A converse asymmetry is observed in methyl-where the H/H distance is much longer, with concomitant diminution in N(3)-C(2)-C(21). Table 2 Crystal data for the N-alkyl-2-methyl-3-benzylimidazolium iodide salts methyl- (1) ethyl- (2) propyl- (3) ( n-)butyl- 
12.5337 (1) 18.041 (2) 8.232 (2) 9.4229 (1) 20.7565 (3) 12.2127 (2) b/Å 11.6484 (1) 11.085 (1) 9.316 (2) 11.8744 (1) 14.0490 (2) 11.3954 (2) c/Å 17.1447 (2) 14.137 (2) 10.209 (3) 13.8521 (1) 23.2945 (4) 11.6217 (2) a/ 86.158 (5) b/ 105.013 (2) 86.638 (5) 106.097 (2) g/
64.690(4)
V/Å The type and extent of interspecies interactions within a salt have a direct influence on its physical properties, such as the melting point. These interactions, which may encompass longrange coulombic and short-range weak attractive forces, are dependent on the component geometries and charge distributions. Organic ions tend to be bulky and have an unsymmetrical a Two independent molecules; in 2, each molecule has two independent components.
charge distribution which should increase the likelihood of directional short-range contacts and slightly decrease the strength of the coulombic forces. 17, 18 However, lattice energy calculations, beyond the scope of this structural analysis, are required to fully understand the long-range coulombic effect within each salt. Analysis of the ion-pair suggests that the orientation of the anion vis-a-vis the cation should be of importance as the interaction energy is to some extent influenced by the distance between the anion and the imidazolium ring. Table 4 displays the shortest cation-anion separations in each compound, as represented by the nominal centres of positive (N atom, either N(1) or N(3)) and negative (X atom) charge. As expected, most of the closest contacts occur towards the alkylated N(3) atom at the face of least steric hindrance. In (s-)butyl-, the closest contact is found where the anion is located directly above the plane of the ring towards the C(2) atom. Methyl-also displays the anion very nearly directly over the plane of the ring; all others reflect a side-on approach towards the C(4)/C(5) side of the ring. Interaction energies have previously been calculated using quantum chemical methods for various orientations and distances for a series of N-alkylimidazolium salts 17, 18 and it was found that the calculated interaction energy is inversely proportional to the distance between the ions and that the 
disposition with the anion located above the C(2) atom of the ring was more energetically preferred to that of the near in-plane position towards C(4)/C(5). Thus (s-)butyl-and methyl-display the energetically preferred ion pair conformation, with (s-)butyldisplaying the closest contact. This is consistent with the higher melting points of these two salts. In addition to short anion-cation interactions, an increase in short-range weakly attractive forces such as hydrogen bonding or p-p stacking between the ions could theoretically increase the melting point. These interactions are highly directional and are known to be energetically weaker than isotropic charge-charge interactions. 17 However, the additive effect of these forces should contribute to the total energy of the salt. This series of N-alkyl-2-methyl-3-benzylimidazolium iodide salts provides a useful model to study the effects of p-p stacking as a result of the presence of a benzyl substituent. In addition the result of C(2)-methylation may be analysed.
No classical hydrogen bonding is observed, owing to a lack of directionality (no D-H/A > 100 observed), so that, for the purpose of assessing close-contact interactions, distances are reported which are limited to those within the sum of the van der Waals radii (e.g. H/I $3.0 4 -3.2 4 A). For p-p stacking the centroid to centroid distance is less than 3.8 Å with an interplanar angle less than 60
. 19 The ions in the salts of methyl-, ethyl-, propyl-and pentyl-are interconnected by a 3D network of weak C-H/I contacts, those in (s-)butyl, and (n-)butyl-being connected in a 2D array, as outlined in Table 4 . For the ethyland pentyl-substituted salts, analyses of C-H/X, C-H/p and p/p interactions are complicated by cation disorder.
A comparison of crystalline N-methyl-3-alkylimidazolium halide salts 10 and the N-alkyl-2-methyl-3-benzylimidazolium iodide salts shows that, with methylation of the imidazolium ring at the 2-position, an equal or greater number of non-classical hydrogen bonds are still observed. In addition, very short C-H/ I contacts comparable to the acidic C(2)-H distance of [C 2 mim]I are also observed in the methyl-substituted salts, particularly at the C(4) and C(5) positions (Table 5) . A previous theoretical study on a series of N-methyl-3-alkylimidazolium salts with various counter-ions indicate that orientation dependent dipoledipole interactions, i.e. linear C-H/X hydrogen bonds, are not experimentally observed, thus suggesting that the influence of hydrogen bonding at the C(2) position is not particularly significant, and that charge-charge interactions predominate.
17,20
Interestingly, [C 2 mim]I also does not display a linear C-H/I hydrogen bond; the angle is 144 (3) , which is not regarded as a classical hydrogen bond.
10 Again, within this series, no classical hydrogen bonding is observed between C(4) and C(5) of the cation and the anion, suggesting coulombic interactions to be dominant.
No p-p stacking is observed between the imidazolium aromatic rings in the salts, further suggesting that ionic forces (in this case repulsion) dominate the interspecies interactions of these salts. p-p stacking is observed between the benzyl aromatic rings for propyl-and between the benzyl and imidazolium rings for methyl-and ethyl- (Table 6 ); in all other structures either the interplanar distance is too great or the rings are too canted with respect to each other to allow for these interactions. However C-H/p interactions between the benzyl group and either an alkyl chain or another perpendicular benzyl group do arise (see Table 7 ). Due to the steric hindrance of the (s-)butyl group, this salt does not exhibit any p/p or C-H/p interactions. methyl-, which displays the highest melting point, exhibits both p/p and C-H/p interactions, reflecting the contribution of the benzyl group to the increased melting point.
Hirshfeld surface generation and fingerprint plot analysis
The Hirshfeld Surface Analysis has been found to be useful in understanding the intricacies of interactions occurring in crystallised ionic liquids. 21 A Hirshfeld Surface Analysis has been performed for a number of the salts, producing a Fingerprint plot for each cation of the structures, Fig. 3 ; analysis was not conducted on ethyl-and pentyl-because of disorder. ‡ Decomposed Fingerprint plots are presented in the ESI. As part of this decomposition analysis, the fraction of the Hirshfeld surface representing a given interaction was calculated (Table 8) .
Of the N-alkyl-2-methyl-3-benzylimidazolium iodide salts, methyl-displays the greatest contribution of the C-H/I interaction compared to the other types of interactions; this also has closer contacts than the other interactions (as indicated by the diagonal lines on the plots in the ESI) and thus a higher contributing attractive energy. This is consistent with the higher melting point. In the region greater than
A all of the plots become quite scattered, indicating a number of points on the surface having separations distinctly greater than the sum of the van der Waals radii. All salts except (n-)butyl-, indicate the closest C-H/I interaction at d e , d i $1.9, 1.0 A; (n-)butyl-, with the lowest melting point, shows a longer distance at d e , d i $1.95, 1.09
A. The largest contribution of close contact C-H/H interactions (see diagonal lines of the plots within the ESI) and p-p interactions occurs once again for methyl-, which is consistent with the highest melting point for this salt. Interestingly, for the overall total contribution of C-H/H interactions ‡ The program CrystalExplorer 2.0 was used to generate all surfaces and fingerprint plots. The Hirshfeld Surface is defined so that for each point on the surface '1/2 of the electron density is due to the spherically averaged non-interacting atoms comprising the molecule, and the other half is due to those comprising the rest of the crystal'.
23 So, the surface contains 'a region of space surrounding a particular molecule in a crystal where the electron distribution of that molecule exceeds that due to any other molecule'.
23 Close contacts can then be shown on this surface by calculating a normalised contact distance, d norm , which compares the distance between two atoms across the surface to the combined van der Waal radii of the atoms. 24 The Hirshfeld surface can then be thought of as an 'interaction surface' that highlights and identifies important interactions in the crystal. Hirshfeld Surfaces and their associated Fingerprint Plots were generated using the program CrystalExplorer. 25 The Fingerprint Plot plots the distance (d i ) from the nearest atom inside the surface against the distance (d e ) to the nearest atom external to the surface; the Fingerprint Plots for all of the selected salts are presented in the Supplementary Information. The Fingerprint Plot provides information on the fraction of the Hirshfeld Surface area due to any particular contact and how extensive that fraction is in distance. The colour coding in the Fingerprint Plot represents the frequency of occurrence of any given (d i ,d e ) pair with white ¼ no occurrence, blue ¼ some occurrence, and green then red indicating more frequent occurrence. For further detailed analysis, Crystal Explorer also allows the isolation of any given interaction (e.g. C-H/I) and then the generation of a 'decomposed' fingerprint plot, where only the relevant interactions are coloured, and the associated Hirshfeld surface coloured for that interaction alone. 23 Decomposed Fingerprint plots for the other interactions are presented in the Supplementary Information.
(s-)butyl-displays a significantly higher percentage of 73.9 to that of 66.8 for (n-)butyl-, indicating that branching increases the likelihood of short and long contacts, which would overall contribute to the attractive energy thus increasing the melting point relative to the n-butyl species. No definitive trends are seen for the relative percentage contributions for C-H/$p contacts across the series, suggesting that the C-H/I and p-p interactions have a greater energetic contribution cf. C-H/p contacts. By general comparison of the shapes of the plots it is apparent that methyl-and propyl-display the most compressed plots within d e and d i , suggesting more compact packing of these salts. (n-)butyl-, with the lowest melting point, displays a greater spread in d e which suggests non-optimum packing with a larger distance between neighbouring cations, which is consistent with their long alkyl chains. Lastly, (s-)butyl-displays the greatest spread in d i , reflecting the size and asymmetry of this cation. Noticeable within all the salts is a larger number of particularly long contacts > 4
A; such long contacts are evidence of 'voids' in the structure and non-optimum packing, thus resulting, overall, in generally low melting salts.
The mean value of d norm , over the whole of the Hirshfeld Surface, has been calculated for each Surface (Table 9 ). This average can be thought of as a measure of packing efficiency and therefore also of relative free volume in the structure. This provides a useful connection between the structure and the melting point since this is believed in some models 22 to be dependent on free volume. If this quantity is small, the packing of the cation is more compact, thus leading one to expect that the melting point of the salt should be uniformly higher. (n-)butyl-and (s-)butyl-display the largest d norm values indicating a less packed structure. A large d norm value is expected for (s-)butyl-due to the sterically demanding branched alkyl chain, but, interestingly, (n-)butyl-, which displays the lowest melting point in this series, also displays a large d norm value, thus confirming that the less compact packing of this salt is associated with a lower melting point. However, the similarity of these results confirms that the predominant interaction in all cases is the chargecharge interaction.
Conclusion
A series of novel N-alkyl-2-methyl-3-benzylimidazolium iodide salts, with a range of alkyl chain lengths, have been prepared and analysed with respect to the influence of the various substituents on the crystal structure. Overall, the dominant interaction in all of the structures is isotropic charge-charge interaction, which is consistent with the previously-reported imidazolium salts. The presence of the benzyl group results in significant p-p stacking only in the methyl-substituted salt, and this salt also exhibits the strongest contribution of the cation-anion (C-H/I) interaction, which is consistent with its high melting point. The salts with the longer alkyl chains form less closely packed structures, with no direct p-p interactions or classical hydrogen bonds. Hirshfeld surface analysis indicates that the use of a branched alkyl chain increases the overall total contribution of C-H/H interactions compared to the straight chain analogues, which will contribute to the higher melting point. Such analysis is invaluable in building up an understanding of all of the interactions occurring in crystallised low melting organic salts and thus ultimately allowing the target-specific design of new materials.
Experimental N-Alkylation of 1-benzyl-2-methylimidazole-general procedure 1-Benzyl-2-methylimidazole (95%, Aldrich) was dissolved in a minimum of dry acetonitrile and an excess (approx. 2.5 equiv.) of the appropriate alkyl halide (used as received (Aldrich/BDH/ Fluka)) added. The solution was stirred vigorously for between 4-6 h. Dry diethyl ether was added to the solution until no more solid precipitated (some alkyl substituents may lead to a separation of two liquid phases). The 1-alkyl-2-methyl-3-benzylimidazolium iodide was then isolated by filtration and washed three times with 20 ml of dry diethyl ether.
1,2-Dimethyl-3-benzylimidazolium iodide (1). 1-Ethyl-2-methyl-3-benzylimidazolium iodide (2). 1-Benzyl-2-methylimidazole (10.6g, 61.9 mmol) and ethyl iodide (20g, 128 mmol) were combined to yield 1-ethyl-2-methyl-3-benzylimidazolium iodide (15. 1-Propyl-2-methyl-3-benzylimidazolium iodide (3). 1-Benzyl-2-methylimidazole (2.46g, 14.37 mmol) and propyl iodide (7 g, 41.2 mmol) were combined to yield 1-propyl-2-methyl-3-benzylimidazolium iodide (3. (3) 0.3767 (n-)butyl- (4) 0.4598 (s-)butyl- (6)] 0.4793
